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The potential of mixed-mode office buildings with varying design and control 
parameters is examined by using an uncertainty analysis in the three climate zones of 
India. The analysis is in terms of cooling energy consumption, thermal comfort 
conditions, and natural ventilation hours. Furthermore, influential parameters are 
identified using sensitivity analysis. In this study, opening the windows enables natural 
ventilation. Night-time ventilation through the windows is not enabled because these 
are mostly closed at night. A maximum natural ventilation of 10% of the total building 
occupancy hours are observed in warm and humid, and hot and dry climates; however, 
they are slightly higher in the composite climate. A further increase in the number of 
natural ventilation hours leads to an increase in the occupancy hours outside the Indian 
Model for Adaptive Comfort model for mixed-mode buildings with at least 90% of 
occupants are satisfied. There are no occupancy hours outside of 80% of occupants are 
satisfied. The choice of thermal comfort band is crucial for determining the potential of 
mixed-mode buildings. The cooling setpoint temperature, building size, window solar 
heat gain coefficient, and surface properties of exterior surfaces are identified as the 
more influential parameters than the thermophysical properties of building envelope 
constructions. Although the building envelope which is in compliance with the Energy 
Efficient Building Code of India increases energy efficiency during air-conditioning 
periods, whether it reduces natural ventilation hours, because of overheating during 
such period remains to be determined.  
Keywords: mixed-mode buildings; hybrid ventilation; uncertainty analysis; sensitivity 
analysis; Energy Efficient Building Code of India (ECBC); Indian Model for Adaptive 
Thermal Comfort; 
1 Introduction 
The energy consumption of commercial buildings in India has been consistently increasing in 
previous years. In 2015–2016, they used approximately 9% of the total electricity 
consumption of the country [1]. In typical commercial buildings in India, space cooling 
consumes approximately half of the total electrical energy [2]. Furthermore, as the service 
and construction sectors rapidly grow, space cooling presents a huge potential for energy 
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saving [3,4]. Conventional and alternative low-energy space technologies and energy 
efficient buildings are essential for reducing space cooling energy consumption. The 
Standards and Labelling programme of the Bureau of Energy Efficiency has been successful 
in accelerating the energy efficiency and uptake of conventional space cooling technologies, 
such as direct expansion systems. On the other hand, alternative technologies, including 
combined heating, cooling and power, and concentrated solar power satisfy an insignificant 
percentage of the space cooling energy demand [5–7,4]. Accordingly, the Energy Efficient 
Building Code (ECBC) is perceived as a crucial policy instrument for designing energy 
efficient buildings [8–12]. Furthermore, space cooling energy consumption can be further 
minimised through mixed-mode buildings. 
Mixed-mode buildings are a bridge between buildings that are completely and 
continuously i.e., fully air-conditioned and fully naturally ventilated buildings. Broadly, they 
are classified as zoned and complementary based on where and when air conditioning is used. 
In the former, the use of air conditioning is restricted to a few areas of the building; in the 
latter, its use is periodic [13–15]. Mixed-mode buildings signify an approach of ‘sufficiency’ 
instead of ‘efficiency’ for reducing energy consumption, i.e., maintaining thermal comfort 
conditions by minimising the area and operating hours of air conditioning [16–20].  
Conceptually, mixed-mode buildings indicate optimal design and control of passive 
and active space cooling strategies rather than presenting specific technical solutions [13]. 
Passive strategies are based on climate and design parameters, such as building size and 
geometry, envelope, internal mass, and internal heat gains; these mostly rely on natural 
ventilation for providing thermal comfort conditions [21–23]. On the other hand, active 
strategies use conventional mechanical heating ventilation and air-conditioning (HVAC) 
systems, such as constant or variable air volume systems and thermally activated building 
systems [20,24]. Moreover, novel low-energy and renewable HVAC systems, including 
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thermal storage systems with phase-change materials [25], hybrid air conditioner [26], natural 
air-conditioning wall [27], and on-site thermal energy generation and storage [28] are also 
used. Furthermore, the optimum control of these strategies ensures the satisfactory operation 
of mixed-mode buildings. A simple and frequently used mixed-mode control is a manually 
operated window, whereas building energy management systems are used for sophisticated 
control and operation [29,15,30,20].  
1.1 Mixed-mode buildings in India 
The empirical evidence, although limited, suggests that most small to medium office 
buildings in India are built as zoned and operate as complementary mixed-mode buildings 
[31,32]. On-field research findings from office buildings with day time occupancy show that 
air conditioners operate only during the day and only peak during summer; they are not used 
at night and during the off-peak season. Furthermore, it was observed that opening windows 
manually is a popular mixed-mode control strategy to maintain thermal comfort conditions; a 
fan is also used for local air movement [19,33]. The HVAC system sales data suggest that 
most new and existing small to medium office buildings use room air-conditioners sans 
mechanical ventilation systems [34,35]. Mixed-mode buildings in India are not designed as 
mixed-mode buildings, but are built and operated that way for various reasons, such as cost, 
comfort, and prestige. They are virtually omnipresent. Pragmatically, the majority of mixed-
mode buildings with day time occupancy in India are characterised by room air conditioners 
and windows that can be opened; hereon, these buildings are referred to as ‘Indian mixed-
mode buildings (IMMBs)’. Furthermore, when IMMBs are unoccupied, opening windows at 
night as a ventilation strategy is impractical.  
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1.2 Challenges and research gaps 
Energy efficient buildings in India are often designed as naturally ventilated, zoned, and 
complementary mixed-mode buildings [36–43]. However, they are often designed by energy-
conscious architects as exemplar projects and are not replicated in the mass market [44,45]. 
Therefore, the ECBC is implemented for reducing energy consumption in commercial 
buildings. The ECBC is mandatory for buildings with a minimum connected load of 100 kW. 
Its provision increases the efficiency of building envelope and electro-mechanical systems 
[12]. When compared with conventional buildings, the ECBC-compliant buildings would 
achieve a minimum of 25% energy savings. Beyond the minimum, higher energy efficiency 
levels, called ECBC+ and SuperECBC-compliant buildings would achieve energy savings of 
35 and 50%, respectively [11]. The ECBC defines mixed-mode as a ‘building in which 
natural ventilation is employed as the primary mode of ventilating the building and air-
conditioning is deployed as and when required’ [12]. To enable mixed-mode operations and 
achieve resultant energy savings, the code recommends an economiser in mechanical 
ventilation systems [46].  
Evidently, mixed-mode buildings have a potential application in Indian climates 
[47,48,24,49]. Moreover, building design parameters, such as climate and micro-climate [50], 
building size and geometry [51–53], building envelope and construction [51,54–56], internal 
mass [57–59], internal heat gains [60,61], and control parameters for mixed-mode operations 
[29,15,62,63] determine the potential of mixed-mode buildings. A few of these are also 
outside the purview of the ECBC. Several specific inputs for each of these parameters (see 
2.4 Input parameters) are important for maximising hours of natural ventilation. However, 
most of the existing studies on mixed-mode buildings use mechanical ventilation systems and 
deploy night ventilation strategies, which are considerably uncommon in IMMBs. Therefore, 
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IMMBs operate as fully air-conditioned buildings during the air-conditioning mode and as 
fully naturally ventilated buildings during the natural ventilation mode.  
Moreover, mixed-mode buildings cannot be simply considered as fully air-
conditioned buildings with openable windows [15]. For example, as per the ECBC, the 
maximum assembly U-values of the external wall for office buildings in hot climates are 0.4, 
0.34, and 0.22 W/(m2K) for the ECBC, ECBC+, and superECBC-compliant buildings, 
respectively. Typically, these U-values can only be achieved by applying thermal insulation 
to external walls. However, this may cause overheating during naturally ventilated periods, 
leading to thermal discomfort [64,56]. The potential of mixed-mode buildings is determined 
by their ability to minimise energy consumption during the air-conditioning period, maximise 
the period of natural ventilation, and provide thermal comfort during both operating modes. 
However, as illustrated, design strategies in both modes may also be contradictory. 
1.3 Objectives of the study 
The total floor area of office buildings in India with minimum connected loads of 100 kW 
(thus requiring them to be compliant with the ECBC) is unclear. Furthermore, the use of 
economisers is considerably uncommon. The IMMBs represent most existing and newly 
constructed buildings. There is a general lack of consensus among building professionals 
concerning the effect of ECBC on IMMBs. In addition, there are persistent research gaps 
regarding the potential of IMMBs and the most influential design and control parameters that 
affect such potential. Therefore, this study investigates the influence of building design and 
control parameters on the potential of IMMBs. Furthermore, this study identifies pertinent 
research gaps in their design. This helps in optimising important design and control 




The specific inputs for various building design and control parameters are usually diverse and 
accept a range of input values. The output results of interest in the study are probabilistic 
(potential) and ranking (influence) in nature. Furthermore, this study aims to identify research 
gaps in modelling IMMBs. Therefore, this study used a large-scale modelling approach by 
applying uncertainty analysis (UA) and sensitivity analysis (SA) to building performance 
simulation (BPS) inputs and outputs. In the following sections, the methods for modelling 
mixed-mode buildings, conducting UA and SA, organising workflow, and inputs and outputs 
are discussed. 
2.1 Modelling mixed-mode buildings 
The modelling of natural ventilation and coupled heat and mass transfer, and the choice and 
modelling of thermal comfort conditions are crucial for modelling mixed-mode buildings 
[65]. For modelling natural ventilation, extrapolating weather data from meteorological 
stations to suit site-specific conditions and generating accurate wind pressure coefficients are 
crucial [66,67]. For modelling coupled heat and mass transfer, the accurate calculation of 
surface convection heat transfer coefficient is crucial. It is sensitive to several parameters in 
the space, including turbulent and unsteady airflow patterns arising from natural ventilation 
and the use of ceiling fans (such as the case in IMMBs), [68]. For modelling mixed-mode 
buildings, the BPS tools are coupled with multizone networks or computational fluid 
dynamics models, depending on the required accuracy of results [69–71].  
For conducting the BPS, EnergyPlus (V8.8) is used in the present study. It uses an 
airflow network model developed by Walton [72] and calculates wind pressure coefficients 
based on a model by Swami & Chandra [73]. For ensuring accuracy, the building design and 
control parameters are kept within the acceptable modelling protocol and sensitivities of the 
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EnergyPlus airflow network model; it models natural ventilation, coupled heat and mass 
transfer, and mixed-mode controls [74].  
For modelling thermal comfort conditions, adaptive thermal comfort (ATC) models 
are recently gaining validity for their suitability and application in naturally ventilated and 
mixed-mode buildings [18]. For the present study, the Indian Model for Adaptive Comfort 
(IMAC), which is an ATC that is recommended by the ECBC, is chosen as the thermal 
comfort model for mixed-mode buildings [12]. The general governing equation for the ATC 
models is as follows: 
 𝑇" = 𝑥 ∗ (𝑦) + 𝑧 (1) 
In the IMAC model for mixed-mode buildings, 𝑇" is the indoor neutral operative 
temperature (°C); the value of 𝑥 is 0.28; 𝑦 is the 30-d outdoor running mean air temperature 
valid for a 13–38.5 °C range; the value of 𝑧 is 17.87. The IMAC has three categories of 
acceptability bands—90, 85, and 80% of occupants are, satisfied. The indoor operative 
temperature, 𝑇+, should be within 𝑇" ± 𝜀, where 𝜀 assumes the values of 3.5, 4.8, and 5.9 °C 
for the 90, 85, and 80% bands, respectively [33]. The ATC models assume behavioural 
adaptations to the environment through actions, such as opening the windows, turning on the 
fans, and wearing appropriate clothing. Hence, clothing insulation (clo), metabolic activity 
(met), air speed etc. are implicit in the ATC models. Therefore, the ATC models are 
extremely sensitive to 𝑇+, which is given by the following [75]:  
 𝑇+ = 𝑊𝑇/ + (1 −𝑊)𝑇234 (2) 
where 
𝑇234 = mean radiant temperature (°C), 
 𝑇/ = air temperature (°C), and  
W is the weighting coefficient, which depends on the surface heat transfer from the human 








ℎ3 = linear radiant heat transfer coefficient at the outer surface of a clothed body (W/(m2K)) 
ℎ6 = convective heat transfer coefficient at the outer surface of a clothed body (W/(m2K)) 
Problems that arise because of behavioural adaptations in the space, such as turbulent 
and unsteady airflow caused by ceiling fans, may result in dynamic convection coefficients 
and mixed-mode control modelling (window opening) are limitations of the study These are 
the limitations of the study and areas where further research is needed, as explained below.  
 In the present study, the thermal analysis research program (TARP) algorithm has 
been used for calculating internal convection coefficient. It does not account for changes in 
the convection coefficient because of changes in the indoor air velocity [76]. Furthermore, 𝑊 
increases as air speed increases in the space. Because the linearised radiant heat transfer 
coefficient (ℎ3) is typically constant, an increase in the air velocity results in higher values of 
the convective heat transfer coefficient (ℎ6). However, EnergyPlus calculates 𝑇" as the 
average of 𝑇234 and 𝑇/. Although this is a valid assumption for air velocities lower than 0.2 
m/s, air velocities in spaces with natural ventilation and ceiling fan operation are usually 
considerably higher than 0.2 m/s [77–79]. The IMAC provides the seasonal variations in clo 
values and indoor-air speeds for mixed-mode buildings [33]. The BPS models should 
incorporate such appropriate behavioural adaptations and heat transfer models into the 
schedules and values for clo, met, and air velocity that are commensurate with the ATC 
model. However, because this a comparative parametric study, these limitations do not affect 
the results, which are still sufficient to satisfy the objectives of the study. 
Multiple factors affect behaviour of occupants in opening windows, such as indoor 
and outdoor weather conditions, ventilation, periodic events, intervals and occupancy, 
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seasonal and long-term behaviour patterns, lighting, energy, security, noise, ambient air 
quality, design, and other social and functional problems [80–83]. Broadly, the window 
control models for the BPS applications can be classified as either models based on 
temperature only or strategies based on temperature and other factors [84,85]. The window-
opening behaviour is deterministic for calculating the potential of mixed-mode buildings. 
However, existing studies on window-opening models are performed in temperate and cold 
climate zones that are members of the Organisation for Economic Co-operation and 
Development. Realistic conclusions cannot be drawn from these models and limited studies 
exist in the Indian context [19,78]. Considering the stochastic nature of opening windows, 
Borgeson & Brager [80] suggest the use of simple and first-hand reliable data instead of those 
which are complex but unreliable. The main intention of the study is calculating natural 
ventilation hours, i.e., to ascertain when to open or not to open the windows for maintaining 
thermal comfort. Whether these will be opened by the occupants is not examined. Therefore, 
because of the absence of a reliable window-opening model for the IMMBs, the mixed-mode 
control for switching between air-conditioning and natural ventilation modes is based on the 
setpoint temperature control available in EnergyPlus; a control that avoids the simultaneous 
operation of air conditioning and natural ventilation. Let Tzone be the zone air temperature in 
the previous time step, Tout be the outdoor air temperature, and Tset be the zone setpoint 
temperature. This control logic first checks whether Tout is within the specified lower and 
upper limits, below and beyond which windows remain closed. The upper and lower limits 
are considered as 15 and 37 °C based on the field studies of buildings in India [19,78]. 
Thereafter, either natural ventilation is allowed when Tzone < Tset, or the air conditioning is 
turned on when Tzone > Tset.  
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2.2 Application of UA and SA in BPS 
In the BPS, for given input values and model assumptions, output values are obtained by 
using various underlining mathematical or numerical models. When there is an uncertainty in 
the input values or these take a range of values, an element of uncertainty also exists in the 
model output. Understanding the uncertainty in the output value, as well as the influence of 
various input parameters on its value (thereby making statistical inferences possible) leads to 
a more nuanced and informed decision-making. This helps in analysing whether the state of 
knowledge, for example, input values and model assumptions, is sufficient or requires 
improvement to arrive at a meaningful decision [86,87].  
The Monte Carlo (MC)-based global sensitivity analysis (GSA) techniques are used to 
meet the objectives of the study [88–91]. Nguyen and Reiter [92] conducted a comprehensive 
review and performance comparison of the various GSA methods for their application in the 
BPS, including six regression-based, two variance-based, and one screening-based methods. 
They concluded that variance-based methods provide consistent and reliable results, followed 
by the screening-based and regression-based methods. However, the former is 
computationally demanding compared with the latter. For the purpose of this study, the 
elementary screening of input parameters is of interest in lieu of high accuracy quantitative 
results. Therefore, as per the recommendations of Menberg et al. [93] and Nguyen and Reiter 
[92], this study uses two fundamentally different and relatively computationally less 
demanding methods for the purpose of UA and SA: the regression-based method with 
standardised regression coefficients (SRC) (for both UA and SA) and the Morris elementary 
effects (EE) method (for SA only). 
2.3 Workflow 
The Monte Carlo-based GSA analysis consists of three steps: generating input samples, 
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conducting EnergyPlus model runs to generate output results, and analysing output results for 
uncertainty and sensitivity. The workflow for the present study is accomplished as follows: 
(1) Input sampling: For the SRC, input samples based on the Latin hypercube sampling 
are generated using the SimLAB software [89,94,95]. For the Morris EE method, the 
input samples based on enhanced sampling for uniformity are generated using the 
MATLAB code ‘Global Sensitivity Analysis: Elementary Effects Method of Morris 
using Sampling for Uniformity (SU)’ [96,97].  
(2) Model runs: Parametric simulations are conducted using jEPlus, a parametric batch 
tool for EnergyPlus [98,99].  
(3) Output analysis: For the SRC output results, R code is used for generating the 
empirical cumulative distribution function (ECDF); histogram and boxplot are used 
for conducting UA; R package ‘sensitivity’ is used to conduct SA [100,101]. For the 
Morris EE output results, SA is performed by using the MATLAB code mentioned 
above.  
For a smooth workflow among the tools, first, a master spreadsheet containing all 
input parameters is developed. Then, python scripts are used to generate the required input 
and output intermediary files to exchange information between the master spreadsheet and 
different tools: SimLAB, EnergyPlus, jEPlus, R, and MATLAB. 
2.4 Input parameters 
The specific inputs for various building design and control parameters are listed in the 
succeeding sub-sections together with their distribution type and range for the MC analysis. 
Literature review, the ECBC, and the national building code (NBC) are considered for 
selecting the input parameters and their range of values. Although few input parameters are 
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beyond their scope, they are included in the study in an attempt to understand the influence of 
diverse input parameters. 
2.4.1 Climate and micro-climate 
The three predominant hot climates of India (as per ECBC classification)—warm and humid, 
hot and dry, and composite climates—are considered in the study. They are classified 
according to their mean monthly maximum temperatures (°C) and mean monthly relative 
humidity (%). For the warm and humid climate: >30 °C (temperature) and <55% (humidity); 
for hot and dry climate: 30 °C and >55%; composite climate: 25–30 °C and <75% [102,103]. 
The climate zones (warm and humid, hot and dry, and composite climates) are represented by 
three cities: Visakhapatnam, Surat, and Bhopal, respectively, which are classified as tier II 
cities; considerable growth in construction is projected in these cities. They are also selected 
under the ‘smart cities’ mission of the Government of India. Weather data in the ‘typical 
meteorological year’ format is used for the analysis [104].  
In urban areas, the mass and energy balance in micro-climatic environments are 
affected by the formation of urban canyons and by urban heat island (UHI) effects 
[105,106,23,107–109]. Urban wind speeds are affected by the surroundings. They are 
calculated using the wind speed profile exponent and wind speed profile boundary layer 
thickness of an area, which are considered input parameters [110–112] (Table 1). In Indian 
cities, the UHI effects are of varying intensities (approximately 0.8–10 °C rise) and 
periodicities [113,114]. However, this study does not directly explain the UHI effects 
considering the complexity to account for such effects within the TMY weather data. 
Because this is a large scale BPS study involving various input parameters, the objectives of 
the study are still achieved [50]. 
S. No Parameter Unit Distribution Minimum Maximum 
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1.  Wind speed profile exponent - Discrete1 1 5 
2.  Wind speed profile boundary layer thickness - Discrete1 1 5 
1Discrete parameters for terrain: 1=Country, 2=Suburbs, 3=City, 4=Ocean, 5=Urban 
Table 1: Climate input parameters 
2.4.2 Building size and orientation 
 
Figure 1: Indicative floor plan 
To facilitate the comparison of ventilations from different sides, a three-zone rectangular 
building consisting of three identical floors is considered for the study (Figure 1). Zones 1, 2, 
and 3 were considered as double, single, and triple-sided ventilations, respectively. The 
building size is varied by changing the length and width of the building (Table 2). The 
maximum length of the building is considered as per the NBC (the NBC recommends 
limiting the floor depth for naturally ventilated buildings to 15 m). The floor to ceiling height 
is constant at 2.8 m. The wall-to-window ratio (WWR) ranges 10–40% (the prescriptive 
requirement of the ECBC limits the WWR to 40%). The orientation is considered as an input 
parameter. 
S. No Parameter Unit Distribution Minimum Maximum 
1.  Orientation - Uniform 0 359 
2.  Building length m Uniform  4.5 15 
3.  Building width m Uniform 4.5 8 
4.  WWR  - Uniform 10 40 
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Table 2: Building size and geometry input parameters 
2.4.3 Building envelope construction 
The external walls are made of commonly used masonry materials, and the 150-mm thick 
roof is reinforced concrete. External insulation is applied to both walls and roof; its material 
and thickness are varied. The constructions of the ground and internal floors are considered 
as constants representing a typical construction of a 120-mm thick concrete slab with ceramic 
tiles. The overall airtightness of the constructions is represented by the crack coefficient 
value. The window shading effect is assumed within the SHGC value as a multiplier for 
permanent projections, as per the ECBC. The window inputs also include its discharge 
coefficient and airtightness. Table 3 summarises all building envelope input parameters.  
S. No. Parameter Unit Description Distribution Minimum Maximum 
 External wall 
1.  Layer-1: Roughness - Outer plaster Discrete1 - 6 
2.  Layer-1: Thermal absorptance - Outer plaster  Uniform 0.1 0.9 
3.  Layer-1: Solar absorptance - Outer plaster  Uniform 0.1 0.9 
4.  Layer-1: Visible absorptance - Outer plaster  Uniform 0.1 0.9 
5.  Layer-2: Material - External 
insulation 
Discrete2 - 5 
6.  Layer-2: Thickness m External 
insulation  
Uniform 0.025 0.1 
7.  Layer-3: Material - Masonry Discrete3 - 7 
8.  Layer-4: Roughness  Inner Plaster Discrete1 - 6 
 
1 Discrete parameters for plaster roughness: 1-5: Very Rough – Very Smooth 
2 Discrete parameters for insulation material: 1-Expanded polystyrene, 2-Extruded polystyrene, 3-
Glasswool, 4-Rockwool, 5-Polyurethane foam 
3 Discrete parameters for masonry material: 1-Red-clay burnt brick, 2-Country kiln-fired brick, 3-
Compressed mud blocks, 4-Concrete block 25/50, 5-Concrete block 30/60, 6-Resource efficient 
bricks, 7-Autoclave aerated concrete block 
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9.  Layer-4: Thermal absorptance - Inner Plaster  Uniform 0.1 0.9 
10.  Layer-4: Solar absorptance - Inner Plaster  Uniform 0.1 0.9 
11.  Layer:4: Visible absorptance - Inner Plaster  Uniform 0.1 0.9 
 Roof 
12.  Layer-1 Same combination as external wall Layer 1 
13.  Layer-2  Same combination as external wall Layer 2 
14.  Layer-3 150-mm thick concrete slab (constant value) 
15.  Layer-4 Same combination as external wall Layer 4 
16.  Air tightness - Crack coefficient  -  Uniform 0.5 0.65 
 Window 
17.  U-value W/(m2K)  Uniform 2.2 3 
18.  SHGC -  Uniform 0.05 0.27 
19.  Window opening: discharge factor -  Uniform 0.4 0.8 
20.  Window opening: Air Mass Flow 
Exponent When Opening is Closed  
-  Uniform 0.5 0.65 
Table 3: Building envelope input parameters 
2.4.4 Internal mass 
The internal mass of the building is composed of elements, such as furniture, interior 
finishing, and exposed ceilings. It is represented using a special object in EnergyPlus called 
zone capacitance multiplier. Its range is assumed based on a study by Raftery et al. [59] 
(Table 4). 
S. No Parameter Unit Distribution Minimum Maximum 
1.  Zone capacitance multiplier  Uniform 1 2.5 
Table 4: Input parameter for internal mass 
2.4.5 Internal heat gains  
The internal heat gains from people, lighting, and equipment are considered as inputs (Table 
5). The values for lighting power density (LPD) are based on the ECBC allowances ranging 
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from the ECBC to superECBC. People and equipment density values are generally assumed. 
The occupancy, lighting, and equipment schedules for the building are based on the ECBC 
(Tables 9–10): schedules for daytime-operated business buildings [12]. 
S. No Parameter Unit Distribution Minimum Maximum 
1.  People (Zone Floor Area per Person) m2/person Uniform 1.5 5 
2.  Lighting power density1 W/m2 Uniform 5.4 10 
3.  Fraction of lighting power convected as heat - Uniform 0.2 0.6 
4.  Equipment power density1 W/m2 Uniform 3 10 
5.  Fraction of equipment power convected as heat - Uniform 0.2 0.6 
Table 5: Internal load input parameters 
2.4.6 Control strategy 
The cooling setpoint temperature, Tset, is considered as an input parameter for the mixed-
mode control strategy. Moreover, the minimum venting open factor, and the upper and lower 
limits of the difference between the indoor and outdoor temperatures that control the venting 
open factor and modulate the openable window area are considered as inputs (Table 6).  
S. No Parameter Unit Distribution Minimum Maximum 
1.  Cooling Setpoint temperature °C Uniform 22.5 28.5 
2.  Minimum Venting Open Factor - Uniform 0.2 0.8 
3.  Indoor and Outdoor Temperature Difference, 
Lower Limit for vent opening factor 
°C Uniform 1 5 
4.  Indoor and Outdoor Temperature Difference, 
Upper Limit for vent opening factor 
°C Uniform 6 10 
Table 6: Input parameter for ventilation control strategy 
2.5 Output parameters 
The potential of mixed-mode buildings in India is analysed in terms of three important output 
parameters: annual cooling energy consumption (ACEI), thermal comfort conditions, and 
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natural ventilation (Table 7). 
S. No Output parameter Units 
1.  Annual cooling energy consumption (ACEI) kW/m2 per year 
2.  Thermal comfort conditions (based on Indian Model for Adaptive 
Comfort (IMAC)) 
Total number of occupied hours within the 
80 and 90% comfort bands 
3.  Natural ventilation Total number of hours that a window can be 
kept open for natural ventilation 
Table 7: Outputs 
3 Results  
In the following sections, first, the convergence criteria and robustness of the results are 
explained. Thereafter, the three outputs are analysed. This is followed by the discussion on 
the potential and design implications for IMMBs. 
3.1 Convergence and robustness 
The results of the UA and SA are sensitive to the sample size considered. For the UA and SA 
to converge to a solution within an acceptable margin of error, the sample size has to be 
sufficient. For the robustness of results in the study, the convergence of the UA and SA 
solution is ensured by making it independent from the sample size. For the SRC analysis, 11 
model runs with incremental sample sizes of 250, 500, 1000, 2000, 4000, 6000, 8000, 12 000, 
16 000, and 20 000 are conducted. For the Morris EE method, eight model runs are 
conducted with the following number of trajectories (sample size = (number of input 
parameters+1) × trajectory): 30 (1500), 40 (2000), 50 (2500), 60 (3000), 70 (3500), 100 
(5000), 150 (7500), and 200 (10 000). These sample sizes are initially checked for 
convergence in multiple zones in the warm and humid climate. The convergence is achieved 
at a sample size of 16 000 for the SRC, and a trajectory of 8 for the Morris EE method. 
Therefore, these samples sizes are subsequently used for the hot and dry and composite 
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climate zones. In the following, the convergence criteria for the uncertainty and sensitivity 
analyses for representative zones are discussed. 
3.1.1 Convergence criteria for UA 
The convergence criterion for the UA is based on a nonparametric hypothesis test called 
Kolmonogorov–Smirnov (KS) test. It measures the probability that a chosen univariate 
dataset is drawn from the same parent population as the second dataset (the two-sample KS 
test) by computing the maximum distance and KS-test statistic (D) between the ECDFs of the 
two outputs. The acceptance of the null hypothesis of the KS test shows that the samples 
come from the same distribution and implies that the result is independent of the sample size. 
The hypothesis is accepted if the KS-test p-value > significance level (0.05) and KS-test 
statistic (D) < critical value of the KS-test statistic, Dcrit, which is calculated at the same 
significance level (0.05). Because the output data contain ties especially for higher sample 
sizes, a bootstrap p-value is calculated with 1000 bootstrap samples for each KS-test analysis 
using R package matching [115].  
Two sets of KS test are conducted. The first test is between the ECDFs of the output 
of the lowest (250) and highest (20 000) sample sizes of the same zone. As summarised in 
Table 8, the null hypothesis is accepted for a small sample size of 250, which is sufficient to 
determine the uncertainty in a single zone. However, the plausibly of the KS-test hypothesis 
should be rejected for different zones implying that the differences among results are because 
of factors, such as its floor and ventilation type. This is the purpose of the second test; it is 
observed that the hypothesis is rejected for sample sizes of 1000 and above.  
Set 1 (KS test between ECDFs with sample sizes of 250 and 20 000) 
Output KS-test 
statistic (D) 
Dcrit p-value Bootstrap p-value 
(n=1000) 
Hypothesis accepted 
ACEI 0.05855 0.08654987 0.3656882 0.344 Yes 
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Hybrid ventilation  0.04795 0.08654987 0.6213426 0.594 Yes 
Thermal comfort  0.03895 0.08654987 0.8479499 0.806 Yes 
Zone load  0.0359 0.08654987 0.9079465 0.893 Yes 
Set 2 Hybrid ventilation (KS test between ECDF zones 1-1 and 1-2 for different sample sizes) 
250 0.08 0.1216 0.4005 0.372 Yes 
500 0.072 0.086 0.1497 0.131 Yes 
1000 0.0655 0.06 0.003 0.006 No 
…     No 
20 000  0.0653 0.0136  < 2.20E−16 0 No 
Table 8: Convergence of results for uncertainty analysis based on KS test  
3.1.2 Convergence criteria for SA 
The comprehensive convergence criteria for SA based on the GSA techniques require the 
convergence of three SA parameters: sensitivity indices, ranking (rank correlation 
coefficient), and screening threshold [116]. The critical sensitivity index for the SRC is the 
SRC value. For the Morris EE method, critical sensitivity indices are EE absolute mean (µ*), 
EE mean (µ), and EE standard deviation (σ).  
(1) Convergence of screening threshold  
The threshold value of the sensitivity index sets the distinction between the influential and 
non-influential input parameters. It is considered either as an absolute value of a sensitivity 
index or as a percentage of the index of the most important parameter. In the present study, as 
per the Morris EE method, parameter screening based on the absolute value (i.e., µ*/σ > 1) or 
based on percentage (i.e., parameters below the threshold of 5% of normalised µ* values) 
identifies several input parameters as significant, similar to what Menberg et al. [93] has 
reported. Therefore, the Morris EE method is not used for setting the screening threshold. 
The accepted practice of selecting an SRC index of 0.05 (5%) of the normalised values of the 
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absolute SRC indices shows a clear distinction between the influential and non-influential 
parameters. Practically, all input parameters above the threshold converged (Figs. 3b, 4b, and 
5b) [93]. Therefore, the screening threshold for the present study is set at 0.05 of the 
normalised absolute SRC values. A further KS-test statistic between the ECDFs of the 
conditional (influential) and unconditional (non-influential) model outputs for the screening 
threshold validation does not yield significant results compared with its computational 
expense; hence, it is not performed further. 
(2) Convergence of sensitivity indices  
The SRC value and µ* indicate the sensitivity values for the SRC and Morris EE method, 
respectively. As per both indices, the most influential input parameters that are above the 
threshold value converged to ±5% of the value of the preceding sample size. Few exceptions 
exist where they converged to a value of ±10% (results for the SRC only are shown in Figs. 
3a, 4a, and 5a). Furthermore, the Morris EE method is used to determine the correlation 
between the input and output parameters, as the SRC cannot be reliably used for that purpose. 
For an input parameter, the value of σ/µ* > 1 indicates that the parameter is non-
monotonic/non-linear or interacts with other parameters. The parameters that vary linearly or 
monotonically showed a higher degree of convergence in the SRC values; non-monotonic 
parameters did not appear to converge even after 20 000 simulations.  
(3) Convergence of sensitivity ranking 
For ranking, Sarrazin et al. [116] recommended the use of rank correlation coefficients as 
convergence criteria. However, Nguyen & Reiter [92] found that their application in the 
building simulation context does not yield satisfactory results. They compared the sensitivity 
analysis based on the SRC and variance-based techniques, such as Sobol or FAST, which are 
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capable of dealing with non-monotonicity. They found that although the SRC values 
overestimated the absolute value of the sensitivity index, the qualitative ranking has been 
consistent with the Sobol or FAST techniques. Menberg et al. [93] also indicated that the 
ranking results from the SRC analysis are in good agreement with those of the Morris EE 
sampling method. Therefore, ranking is based on the absolute lognormal value of the SRC 
(Figs. 3b, 4b, and 5b) and is qualitative. Furthermore, the SRC ranks (Figs. 3c, 4c, and 5c) are 
compared with the Morris EE ranks (Figs. 3d, 4d, and 5d4).    Both methods exhibit good 
agreement with respect to the ranking of all input parameters in general and especially for 
influential input parameters (Figure 2). Moreover, the three output parameters identify the 
same group of input parameters as the most sensitive, especially for the first 15 influential 
parameters.  
 
4 Few discrete parameters are considered as dependant parameters to each other for the purpose of 
simulation. Morris EE assigns the same rank to all dependant parameters. Therefore, there are only 




Figure 2: Influence of input parameters as per SRC and Morris EE method 
 
Furthermore, it should be noted that for a high number of input parameters, the 
convergence of all the three convergence statistics is not guaranteed. Therefore, the reading 
of results and extractable information is nuanced and based on the comparison of results from 
both the SRC and Morris EE method [93,116]. In the following section, the convergence of 
SA indices for ACEI, IMAC, and natural ventilation hours is discussed. The influential input 
parameters above the sensitivity threshold value are indicated with a horizontal red dotted 
line (Figs. 3, 4, 5b, 5c, and 5d). 
Convergence of sensitivity analysis indices for ACEI 
For influential input parameters, the convergence is achieved for both SRC values (Fig. 3a), 
the SRC rank (Fig. 3c), and Morris EE rank (Fig. 3d). Furthermore, the SRC and Morris 
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ranks exhibited good agreement. The Morris EE rank showed better convergence even for 
parameters below the threshold value. 
 
Figure 3: Convergence of sensitivity analysis indices for ACEI 
Convergence of sensitivity analysis indices for thermal comfort 
For influential input parameters, the convergence is achieved for both SRC values (Fig. 4a, 
4b), the SRC rank (Fig. 4c), and the Morris EE rank (Fig. 4d). Furthermore, the SRC and 
Morris ranks exhibited good agreement. However, unlike the convergence pattern observed 




Figure 4: Convergence of sensitivity analysis indices for thermal comfort 
Convergence of sensitivity analysis indices for natural ventilation hours 
The convergence pattern is similar to the thermal comfort. All influential parameters above 




Figure 5: Convergence of sensitivity analysis indices for natural ventilation hours 
3.2 Analysis 
In the following, the potential of the three output parameters using the UA is first analysed; 
thereafter, influential input parameters are analysed using SA.  
The potential is analysed through the ECDFs of output values (Figs. 6a, 8, and10). In 
the ECDF graphs, a high probability of occurrence along the y-axis for any given value along 
the x-axis indicates a higher potential for that specific output compared with the other outputs 
[90].  
The normalised SRC values for influential input parameters are shown on the y-axis. 
The corresponding floor, climate zone, and ventilation type for representative zones are 
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shown on the x-axis (Figs.7, 9, and 11); for the output ACEI, only climate zones are shown 
on the x-axis (Fig. 7). In addition to the SRC values, the correlation between the input and 
output parameters is provided in the adjacent brackets. The correlation is identified as linear, 
monotonic, almost monotonic, and non-monotonic/non-linear as per the Morris EE method. 
The corresponding sign convention is obtained from the SRC values. However, for non-
monotonic input parameters, the SRC sign convention may not be reliable although it is 
found to be consistent among most of the influential parameters; it is only provided for 
information purposes. Non-monotonic/non-linear correlation indicates that the specific input 
parameter is either always non-monotonic or exhibits strong interaction with other input 
parameters. This can only be explained further through variance-based SA analysis, which 
accounts for higher order effects.  
3.2.1 Annual Cooling Energy Intensity (ACEI) 
3.2.1.1 Potential analysis 
Figure 6a shows the ECDFs for ACEI in the three climate zones. The incidence of higher 
values for ACEI is higher in the warm and humid climate followed by the hot and dry and 
composite climates, as these two latter climates have cold winter and lean seasons. The 
frequency of occurrence of the peak ACEI values is lower in the warm and humid climate 
zone compared with the other two (Fig. 6b). The results indicate extremely low probabilities 
for both lower and higher values of ACEI. Furthermore, the thermal comfort model and 
control strategy adopted in the present study has resulted in a broad comfort band, from 
IMAC 90 to 80. Therefore, ACEI values are analysed in relation to the thermal comfort and 
natural ventilation results to ascertain the potential of the IMMBs as presented in the section 




Figure 6: Distribution of ACEI under different climates 
3.2.1.2 Influential parameters 
Figure 7 shows the most influential input parameters for ACEI. Across the climate zones, the 
cooling setpoint temperature and people density5 were identified as the most influential 
parameters with negative and positive correlations, respectively. As lighting becomes more 
efficient, internal heat gains from equipment and occupants become critical to reduce ACEI. 
The building length exhibited a negative correlation, indicating that the resultant savings 
from the mixed-mode operation decrease with the increase in building size. Surface 
properties of the external wall and roof, and solar and thermal absorptances are more 
influential than their construction properties. All surface properties, except the thermal 
absorption of the external wall, has a negative correlation. This indicates that the night time 
heat loss to the surroundings through longwave emissivity is equally important or more 
important than minimising the daytime short-wave solar heat gain. This shows the 
importance of the day and night direction of heat transfer through the wall of mixed-mode 
buildings in India, as they are not ventilated at night. Although lower in the order of 
influence, the external wall thermal insulation thickness is found to be influential only in the 
 
5 Sign convention for people density (persons per floor area) is used 
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hot and dry climate. The window area and SHGC display a positive correlation. The local 
wind speed exhibits a positive correlation with ACEI, and shows a higher influence under the 
warm and humid climate compared with the other two climates. This is counterintuitive 
because buildings in the warm and humid climate are designed to maximise natural 
ventilation by taking advantage of higher wind speeds. However, during the air-conditioning 
period in mixed-mode buildings, this may act counterproductive. 
 
Figure 7: Sensitivity indices of influential input parameters for ACEI 
3.2.2 Adaptive thermal comfort 
3.2.2.1 Potential analysis 
The ECDFs for thermal comfort as per IMAC 90 and 80 are presented for a representative 
zone in Fig. 8. The results are summarised in the way shown in the figure because the 
distributions for different zones (in terms of floors), ventilation type, and across climate 
zones are remarkably similar. For objectivity, two vertical dotted lines represent 5% (162) 
and 10% (324) of the total occupancy hours of 3240 h. Even below a threshold level of 5%, 
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there are virtually no occupancy hours outside of IMAC 80 band. This is perhaps because of 
its high bandwidth (𝜀 = 5.9). It indicates that irrespective of the design and control inputs, 
IMAC 80 band is easily achievable. There is a 50–60% probability that the number of 
building occupancy hours outside of IMAC 90 lies within the threshold level of 5–10% in all 
building zones and across climates. Furthermore, the ground floor shows a slightly higher 
probability of achieving thermal comfort compared with those of the other floors; there is 
only a marginal difference between zones with single, double, and triple-sided ventilations.  
 
Figure 8: Floor, ventilation type, and climate comparison in terms of thermal comfort 
potential 
3.2.2.2 Influential parameters 
Figure 9 shows the most influential input parameters for the thermal comfort as per IMAC 
90. The cooling setpoint temperature is the most influential parameter and exhibits a positive 
correlation with the occupancy hours outside of IMAC 90 band. Except for the cooling 
setpoint temperature, most parameters are non-monotonic or exhibit parameter interactions. 
The internal heat gains from people and equipment are found to be influential. The window 
SHGC influence increases with the ventilation sides; this appears to indicate that the window 
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area and SHGC have to be minimised. The surface properties of the building envelope, and 
solar and thermal absorptances are identified as influential parameters. In the composite 
climate zone, the local wind speed and building size are identified as influential parameters. 
 
Figure 9: Sensitivity indices of influential parameters for thermal comfort 
3.2.3 Natural ventilation hours 
3.2.3.1 Potential analysis 
Figure 10 shows the comparison of ECDF hours of natural ventilation in terms of the floor 
(first row), ventilation type (second row), and climate zone (third row). A time step of 20 min 
has been used in the present BPS study. However, the comparison results of natural 
ventilation hours indicate that it is extremely improbable that their variations will be 
significant at a lower or higher timestep for the purpose of the present study. For objectivity, 
the vertical dotted lines indicate 5 and 10% of the total occupancy hours. For different floors 
and ventilation types, the difference among their probabilities of occurrence of natural 
ventilation hours is only marginal. Nevertheless, the second floor has a slightly higher 
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potential compared with those of the ground and first floors. This indicates that for low-rise 
buildings, floor height from the ground and ventilation type do not have a significant effect 
on the hours of natural ventilation. In general, the maximum potential for hours of natural 
ventilation remained at approximately 10% of the occupancy hours in the warm and humid, 
and hot and dry climates. The composite climate clearly display a higher potential for hours 
of natural ventilation. 
 
Figure 10: Comparison of natural ventilation in terms of floor, ventilation type, and weather 
3.2.3.2 Influential parameters 
Figure 11 shows the most influential input parameters for the hours of natural ventilation. 
The cooling setpoint temperature is the most influential parameter with a positive correlation 
with hours of natural ventilation. An increase in the internal mass increased the number of 
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hours of natural ventilation. Its influence is more evident in the warm and humid climate than 
in the other two climate categories. The internal gains and window SHGC are identified as 
influential parameters. The window area is an influential parameter in double and triple-sided 
ventilation zones in the hot and dry, and composite climates. The zone lengths have a 
negative correlation with the number of hours of natural ventilation, implying that the zone 
depth should be maintained as low as possible for effective natural ventilation. The external 
wall surface parameters, and solar and thermal absorptances are also influential parameters. 
The wind speed is influential in zones with double and triple-sided ventilations; however, its 
magnitude is considerably higher in the former than in the latter.  
 
Figure 11: Sensitivity indices of influential parameters for natural ventilation 
4 Discussion 
4.1 Potential of mixed-mode buildings 
The higher number of thermal comfort and natural ventilation hours at the minimum ACEI 
values indicates a higher potential for mixed-mode buildings. In the present analysis, the 
potential is analysed together with the most influential input parameter, cooling setpoint 
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temperature and the three outputs, ACEI, thermal comfort conditions, and natural ventilation 
hours. Figure 12 shows the scatterplot, boxplot (showing the first, median, and third quartile) 
with whiskers (showing the minimum and maximum values at either ends and outliers as 
solid dots), and causal correlation curves for ACEI, hours of natural ventilation, and thermal 
comfort conditions. For objectivity, the horizontal red dotted lines represent 5 and 10% of the 
total occupancy hours. The box width is proportional to the square roots of the number of 
observations in the groups. The y-axis represents the values of all output results, and the x-
axis represents the most influential parameter—the cooling setpoint temperature. 
 
Figure 12: Hours of hybrid ventilation with respect to the thermal comfort, ACEI, and 
cooling setpoint temperature 
With an increase in the number of natural ventilation hours, ACEI decreased. 
However, this also corresponded with an increase in the cooling setpoint temperature. The 
median and third quartile values of naturally ventilated hours lie between 5 and 10% of the 
occupied hours in the warm and humid, and hot and dry climates and beyond 10% in the 
composite climate. This do not appear to indicate a considerably high potential for natural 
ventilation hours. Therefore, the decrease in ACEI could be attributed to an increase in the 
34 
 
cooling setpoint temperature rather than a paltry increase in the number of natural ventilation 
hours.  
The occupancy hours outside of IMAC 80 band do not exceed the 5% threshold, even 
when the cooling setpoint temperature reaches 28 °C in all the three climate zones. The 
median values of IMAC 90 are well below the 5% threshold, and the third quartiles lie 
between 5 and 10%. For all the climate zones, the causal correlation curve indicates that the 
occupancy hours outside of IMAC 90 stay relatively low until the temperature is 25 °C; 
beyond which they increase exponentially. However, they remain below the 10% threshold 
until approximately 26 °C. The Indian Model for Adaptive Comfort is based on indoor 
operative temperatures. A floating setpoint temperature based on the operative temperature 
reduces the cooling energy consumption compared with a fixed cooling-air setpoint 
temperature because it enables the achievement of thermal comfort (specifically, the ATC) at 
higher air setpoint temperatures [64]. It is plausible that higher cooling setpoint temperatures 
beyond 26 °C result in higher instances of operative temperatures above IMAC 90 band. This 
implies that in a higher comfort band, a reasonable degree of thermal comfort satisfaction, 
IMAC 90, can be achieved at cooling setpoint temperatures as high as 26 °C. 
In summary, ACEI, thermal comfort, and natural ventilation hours put together 
indicate that mixed-mode control based on higher cooling setpoint temperatures do not 
appear to increase the natural ventilation hours substantially because they simultaneously 
increase the thermal discomfort (bases on IMAC 90). However, it still aids in reducing the 
ACEI during the air-conditioning period, i.e., in IMMBs, significant energy savings do not 
result from air-conditioning reduction. Instead, energy savings result from design parameters, 
and most importantly, the cooling setpoint temperature increases. 
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4.2 Design implications for mixed-mode buildings 
In IMMBs, ACEI is significantly influenced by the cooling setpoint temperature, internal 
heat gains, building size and geometry including shading/SHGC, and the building envelope 
external surface properties compared with the thermophysical properties of building 
constructions. The lower U-values for the building envelope are well suited for fully air-
conditioned buildings [117]. However, in IMMBs, although the highly insulated envelope 
makes the buildings efficient during cooling, it could also extend the cooling period as a 
result. The building becomes increasingly uncomfortable during the natural ventilation period 
because of thermal insulation; this leads to an increase in the air-conditioned period and 
reduces the mixed-mode potential. This study further shows that the insulation thickness is 
one of the least influential input parameters. Consequently, this calls into question the 
applicability of highly insulated building envelope in IMMBs.  
The overall potential for natural ventilation by opening the windows remained 
insignificant in general, especially in the warm and humid, and hot and dry climate zones. 
Although, not presented in the results, the internal mass is identified as an influential 
parameter in zone loads. The importance of internal mass, which has also been identified as 
an influential parameter for natural ventilation hours, is often overlooked and should be 
further explored. Moreover, measures to increase natural ventilation in warm and humid 
climates, such as exposing the building to wind, appear to increase cooling energy 
consumption. It is uncertain whether the control strategy based on the operative temperature 
instead of setpoint temperature leads to any significant improvement in the natural ventilation 
hours unless a more relaxed ATC band (IMAC 80) is chosen. The choice of the ATC band 
and the percentage of occupancy hours that can lie outside that band, can significantly impact 
the space cooling energy consumption. 
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The weighting coefficient described in equation 2 increases with the indoor air 
velocity. As air velocity increases, the effect 𝑇234 on 𝑇+ reduces and 𝑇+ tends to reach 𝑇/. 
During the air-conditioning period, increasing air velocities and subsequently air 
temperatures result in acceptable indoor operative temperatures at increased air temperatures. 
This allows for using increased cooling setpoint temperatures, subsequently minimising the 
cooling energy consumption. During the natural ventilation period, air temperatures are 
typically higher; therefore, increased air velocities are usually preferred to compensate for 
higher air temperatures. However, because the ATC models already assume behavioural 
adaptations, including air speed, they do not explicitly account for changes in 𝑇" for 
increasing air velocity. Whereas CEN Standard 15251 and ASHRAE 55 standard provides 
for increasing 𝑇+ at elevated air speeds as per ATC and 'predicted mean vote – prected 
percentage dissatisfied‘ comfort models,  as per IMAC, it is unclear whether and to what 
extent such an increase in 𝑇+ with elevated air speed can be allowed [75,118]. This needs to 
be further examined.   
Considering the limitations in modelling IMMBs, it is necessary to develop a 
standardised BPS modelling protocol for them. Such a protocol includes appropriate ℎ3and 
ℎ6 values, operating conditions, such as the choice of thermal comfort model and band, 
incorporation of micro-climatic effects, and accounting for internal thermal mass . This is 
important for the successful design of mixed-mode buildings for claiming energy or green 
building ratings based on BPS, and for performance predictions to minimise the gap between 
predicted and actual performances [119]. 
5 Conclusions 
The potential of mixed-mode buildings in India is analysed in this study. It is found to be low 
in general, i.e., the possibility for natural ventilation is less than 10% of the occupancy hours. 
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The importance of the cooling setpoint temperature and design parameters in reducing energy 
consumption are reiterated in this study in the context of IMMBs. A few passive strategies, 
such as minimising the external and internal heat gains, are crucial for both fully air-
conditioned and fully naturally ventilated buildings. Nevertheless, the study indicates that 
energy-efficient fully air-conditioned buildings, however efficient, are not necessarily 
efficient mixed-mode buildings by default. Given the building construction practices in India, 
the growth in the air-conditioning market, and the slow pace of ECBC implementation, in the 
short term, policy initiatives must focus on simple, specific, and effective measures for 
minimising space cooling energy consumption in buildings, such as effective shading and 
optimum WWR. Furthermore, policies should advocate for the use of moderately high 
cooling setpoint temperatures. This is especially important for buildings that fall outside the 
purview of the ECBC. In the medium term, further research should be conducted considering 
detailed and realistic operating parameters and schedules to determine the optimum building 
envelope and internal conditions for IMMBs. This would reduce energy consumption during 
the air-conditioned mode and increase the natural ventilation hours while maintaining thermal 
comfort conditions. 
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